This article presents a review on population genetics of Latvians
INTRODUCTION
Contemporary people of North-Eastern European populations, including Latvians, genetically are very similar to the neighbouring populations. Principal component (PC) analysis of more than 270 000 autosomal SNPs in 3112 individuals from general populations across 16 European countries resulted in the development of genetic maps with four clusters displaying the Baltic region (Estonia, Latvia, and Lithuania) in the same cluster with Western Russia and Poland (Nelis et al., 2009 ; see below for details). However, there are several issues concerning Latvian ethnogenesis that remain unanswered, such as: differentiation of regional subpopulations, paternal and maternal population history, migrations affecting the region from external and internal population events, genetic admixture with neighbouring populations and identification of genetic markers that can distinguish Finno-Ugric, Slavic and Baltic influences in the Baltic Sea region.
HISTORICAL BACKGROUND
The early inhabitants of the Eastern Baltic region were reindeer hunters who arrived to this territory after the retreat of PROCEEDINGS OF THE LATVIAN ACADEMY OF SCIENCES. Section B, Vol. 72 (2018 ), No. 3 (714), pp. 131-151. DOI: 10.2478 /prolas-2018 the continental ice sheet~12 000 years before present (YBP, all data calibrated), at the end of the Last Glacial period (Gimbutiene, 1994; Zagorska, 2012; Bçrziòð and Vasks, 2013) . The present-day territory of Latvia evidently represented the northernmost limit of the distribution of these hunter groups on the eastern shore of the Baltic Basin. All findings indicate that reindeer hunters reached the area of present-day Latvia from southern periglacial refuges in the course of repeated seasonal migrations. Their groups were small and mobile (Zagorska, 2012) . As climatic conditions improved~7500-10 000 YBP, the first stable settlements in the Eastern Baltic region appeared (Gimbutiene, 1994; Radiòð, 2012; Bçrziòð and Vasks, 2013) . The most ancient settlements in southern Lithuania are some 2000 years older than the first settlements in Latvia and Estonia (Rimantiene, 1996) . The Neolithic transition in North-Eastern Europe is thought to have been slower and more gradual than in Western/Central Europe and to have involved little if any migration of early farmers from Central Europe (Jones et al., 2017; Mathieson et al., 2017; Mittnik et al., 2017a) . There is a suggestion that the Eastern Baltic was a genetic refugium for hunter-gatherer populations during the Neolithic period (Malmström et al., 2009; Lazaridis et al., 2014; Mittnik et al., 2017a) . The persistence of hunter-gatherer ancestry in the Baltic region until at least the Middle Neolithic provides a possible source for the resurgence of hunter-gatherer ancestry in Central Europe from 7000 to 5000 YBP (Haak et al., 2015) . From the Neolithic onwards, archaeological and historical records reveal contacts between populations of North-Eastern Europe and other groups. Finno-Ugric tribes arrived to the Baltic region from the East/South East~6000-5000 YBP (Sedovs, 2004) . These tribes are regarded to be the ancestors of modern Estonians. The next migration wave came from the South 1000 years later. These were steppe pastoralistsSouth-Eastern European populations who spoke the Indo-European language -Proto-Balts who are considered as the predecessors of ancient Prussians, Yotvingians, as well as the present-day Latvians and Lithuanians (Èesnys, 1991; Sedovs, 2004; Radiòð, 2012) . There is a near-consensus among linguists that the Baltic and Slavic languages stem from a common root, Proto-Balto-Slavic, which separated from other Indo-European languages 4500-7000 YBP (Bouckaert et al., 2012 , Haak et al., 2015 . The split between Baltic and Slavic branches has been dated to around 3500-2500 YBP (Gray and Atkinson, 2003; Novotna and Blaþek, 2007; Bouckaert et al., 2012) . Proto-Balts pushed the Finno-Ugric populations up north, and in the territory of the present-day Latvia and Lithuania the Finno-Ugric and other ethnic groups were assimilated into the Indo-European-speaking main Baltic population. The major Finno-Ugric tribes that have inhabited the Baltic region are the Finns, the Estonians and the presently almost completely assimilated Livs, who previously settled around the Gulf of Riga, i.e. in present-day south-western Estonia and north-western Latvia. The expansion of the Baltic tribes northwards and eastwards marked the beginning of contacts between Baltic and Finno-Ugric populations and their languages. The contact zone was impressive -starting from the Baltic Sea in the West to the upper reaches of the Oka and Volga rivers in the east -see the map of Baltic hydronyms (names of rivers, lakes and other bodies of water given in Fig. 1 ). The eastern stem of the Balts, who did not succeed to survive till historical times, had linguistic contacts with the tribes of Mari and Mordvins (Mordvi). The influence of the Baltic languages on Finnish is evident. For instance, there are about 1.1% of Balticisms in modern Finnish (Hakulinen, 1961) . The differentiation of the Baltic tribes was completed around 2000-1500 YBP. According to the available data, around 2500 YBP Finno-Ugric tribes still inhabited the northern Curonian lands up to the river Abava, the Rîga shore and practically the entire territory of Latvia northwards from the Daugava River. Curonian, Semigalian, Selonian, and Latgalian tribes and languages began to merge in the southernmost areas. The fusion of these tribes gave rise to the Latvian nation (Vasks et al., 1997) . The Lithuanian nation was formed south of Latvia (Kuèinskas, 2001) . In the middle of the 1 st millennium AD, Slavic tribes, representing another group of Indo-European language speakers, arrived to the Baltic territory coming along the Dnieper, Desna, and other rivers (Sedovs, 2004) . The ancient Baltic territory was split into the western and eastern parts, the former comprising Old Prussian, Latvian, and Lithuanian lands, and the latter -the remaining Baltic tribes. The eastern Balts were eventually assimilated by Slavs; however, the degree of assimilation differed from region to region (Fig. 2) . Thus, the contemporary population of Latvia, the focus of this review, is composed of a complex mixture of former Baltic tribes, with varying influences from Finno-Ugric and Slavic sources. Mostly due to the strategic location, since medieval times the territory of Latvia was a frequent focal point for conquests among Germany, Poland, Sweden, and Russia.
The Baltic Sea has been a considerable geographical hurdle to human migration in prehistoric times when changes in the genetic constitution due to migration were most profound. This is reflected by the differences between populations on the western (Swedish) and eastern (Finnish and Baltic) side of the Baltic Sea with respect to cultural, lin- guistic and genetic characteristics. The original populations on the eastern side of the Baltic Sea speak Finno-Ugric or Baltic languages, whereas those on the western side speak Germanic languages. Although the Baltic Sea has been a geographical barrier to human migration in the past, archaeological and historical evidence indicate that particularly from about 500 AD there have been lively contacts between the peoples of the Baltic Sea region.
GENETIC STUDIES OF LATVIANS
Genetic studies of Latvians were started in the first decades of the 20 th century with exploration of blood groups and different anthropological features. A high frequency of blood group B (marking eastern influence) combined with high frequency of Rh-negative blood group (West European trait) was found (Prîmanis, 1937; Cauna, 1942) . Contemporary molecular genetic investigations of the Latvian population were begun only~20 years ago. Over the last decade, the ability to investigate population genetic structure has been significantly enhanced by advances in high-throughput genotyping technologies, as they allow simultaneous genotyping of hundreds of thousands of polymorphic markers. (Denisova, 1975; Denisova, 1997, Fig. 3A) , who have been inhabitants of each of these regions for at least three generations.
Results of studies performed on autosomal genetic markers (genome-wide single nucleotide polymorphisms and classical autosomal genetic markers), mitochondrial DNA (mtDNA) and the non-recombining part of the Y chromosome (NRY) will be considered and compared with the data from neighbouring populations (Fig. 3B ). Data on populations from some Western and Southern European countries are included mainly for comparison. The uniparentally in- Fig. 2 . Baltic tribes in the 13th century. Adapted from Gimbutiene (1994) and Kuèinskas (2001) . Fig. 3 . Geographic location of Latvian and neighbouring subpopulations used in the reviewed population genetic studies. 3A, Latvian subpopulations: NW, North-Western region (Northern Curonia (Courland)). Ancient territory of Livonians; CE, Central region (Semigalia). Ancient territory of Semigalians; SW, South-Western region (Southern Curonia (Courland)). Ancient territory of Curonians; E, Eastern region (Vidzeme /Latgalia). Ancient territory of Latgalians; 3B, Lithuanian subpopulations (Kuèinskas, 2001 ); 3C, Russian subpopulations: 1, Mezen district (Archangelsk Oblast); 2, Ustyuzhna district (Vologda Oblast); 3, Staritsa district (Tver Oblast); 4, Sychevka district (Smolensk Oblast).
herited mtDNA and NRY are two loci that have been extensively studied in human populations, in part because they represent maternal and paternal population histories and in part because they do not undergo recombination and, therefore, lineages can be more easily traced back to a single common ancestor. There are differences in the action of genetic drift and natural selection on mtDNA and NRY loci as compared to autosomal loci. Thus, a combination of mtDNA and NRY loci with autosomal data is necessary for a thorough understanding of population history.
Results of studies on ancient DNA samples are also included because analysis of ancient DNA can provide information on past population histories that is not retrievable from contemporary individuals.
In this review, besides a description of genome-wide SNP data, we will also focus on several autosomal genes. These genes are chosen because of known regional frequency differences in North-Eastern Europe. They give information not only on the history of certain mutations, but also on population migration routes in Eastern Baltic, possible selective advantages of these mutations and their contribution to diseases. For two autosomal diseases (cystic fibrosis and phenylketonuria), phenotype (not allelic) frequencies have been compared. Frequencies of the mentioned diseases are given for the general (not ethnic) population.
AUTOSOMAL GENETIC MARKERS

Genome-wide single nucleotide polymorphisms (SNPs).
The ability to investigate population genetic structure has been significantly improved over the last decade by advances in high-throughput genotyping technologies. Genome-wide analyses in human populations allow to unveil the demographic history underlying the genetic patterns of diversity observable today across the globe. In Europe the strongest genetic differentiation has been found between the north-west and south-east parts of the continent (Li et al., 2008) . Populations from North-Eastern Europe, incl. Latvians, are less represented in these studies.
As already mentioned at the beginning of the introductory part, principal component (PC) analysis (PCA) of more than 270 000 autosomal SNPs genotyped with the Illumina Infinium platform in 3112 individuals from general (but not always ethnic) populations across 16 European countries, including 95 individuals from Latvia, resulted in a boomerang-like structured genetic map of Europe with four clusters displaying individuals from the Baltic region (Latvia, Lithuania, and Estonia) in the same cluster with Polish and western Russian samples ( Fig. 4 ; Nelis et al., 2009) . Khrunin et al. (2013) examined the European population structure with 166 000 autosomal SNPs and obtained another genetic map of Europe (some populations from NorthEastern regions of the European part of Russia, Komi, Veps, Northern Russians were also included in the study).
In the space of the plotted first two principal components, Latvians clustered in close proximity to populations from Central and Eastern Europe, demonstrating the highest similarity with autosomal SNP profiles of Russians from the central part of European Russia and Estonians (Lithuanians were not included in the study). The relationships found were similar with the results of ADMIXTURE ancestry analysis, revealing a particular specificity of the Latvian gene pool, which exhibited a lower proportion of the "Finnic" ancestry component than in Estonians. Additionally, Latvians had the highest proportion of non-specified yellow component (there were no populations in the data set that had only this component in their genomes), which was omnipresent throughout the studied European populations (Khrunin et al., 2013) .
Similar results of the genetic analysis of Balto-Slavic speaking populations were obtained by Kushniarevich et al. (2015) , who demonstrated the proximity of autosomal genome-wide SNP profiles of Latvians (six individuals analysed) and Lithuanians to East Slavs and Estonians. The results showed that Latvians and Lithuanians shared higher number of segments that were identical by descent with the combined group of east-west Slavs than in other non-Slavic people did .
Results on high-coverage whole-genome sequence studies performed on three present-day Latvians are included in the dataset of Estonian Biocentre Human Genome Diversity Panel (Pagani et al., 2016) . The dataset was analysed for numerous parameters, including shared ancestry, archaic admixture, and changes in effective population size through time. These analyses have shown that Latvians are located in the North European genetic cluster with highest similarity to Lithuanians. As it was already mentioned in the Introduction, information on past population histories can be provided by genomes obtained from ancient biological remains. Recently performed genome-wide ancient DNA (aDNA) studies have revealed a complex population history of modern Europeans involving at least three major prehistoric migrations (Lazaridis et al., 2014; Allentoft et al., 2015; Haak et al., 2015; Saag et al., 2017 (Jones et al., 2017; Mathieson et al., 2017; Fig. 5) . These data allow to suggest some genetic continuity in this region since the Mesolithic period. Similar results were obtained also for ancient Lithuanian samples (Mathieson et al., 2017; Mittnik et al., 2017a) . Remarkable changes in the genetic data are observed in the samples from the period between the Early Neolithic and the Middle Neolithic, when clear influence from exogenous Northern Eurasian populations is observed (Jones et al., 2017; Mathieson et al., 2017) , and also, Late Neolithic and Bronze Age samples show impact from the Pontic Steppe populations (steppe pastoralists). There are no signs of Anatolian farmer-related genetic input on populations of Latvia and Lithuania at least until the end of the Bronze Age (Jones et al., 2017; Mathieson et al., 2017; Mittnik et al., 2017a) . Remarkably, the Steppe-related genetic impact coincides with the proposed emergence of Indo-European languages in the Baltic region (Bouckaert et al., 2012; Haak et al., 2015) .
Genome-wide analysis of polymorphisms presents a general conception about relationships and evolutionary trajectories of population formation. In addition, population analysis of local genomic regions may provide information about historical traces of particular lineages within populations.
Gene CFTR, allele DF508. Gene CFTR (OMIM *602421) encodes protein CFTR -cystic fibrosis transmembrane conductance regulator, which acts as a chloride ion channel. Mutations in the gene cause cystic fibrosis (CF; OMIM #219700), one of the most common severe autosomal recessive disorders in populations of Northern European ancestry in most countries, affecting 1 in 2000 to 4000 individuals (Table 2) . Gene mutations affect the salt and water balance of the mucus layer lining epithelial surfaces mostly in the lungs and pancreas. The major cystic fibrosis mutation is DF508 (delta-F508) deletion of three base pairs at codon 508, which results in a loss of the amino acid phenylalanine in the protein. The incidence of DF508 carriers among healthy Latvians is 1 : 42, which corresponds to the frequency of DF508 mutation carriers in most North European populations (Krumina et al., 2001b) . This mutation was found in 61.3% of chromosomes in the overall CF patient population in Latvia. The incidence of CF as well as of DF508 varies markedly among different populations. There is a north-west/south-east gradient in the incidence of CF throughout Europe, with the highest incidence found in Ireland and England (1/1353 and 1/2381; Farrell, 2008) , and the lowest in Finland (1/25 000; Farrell, 2008) . To trace the history of DF508 in Latvia the association of DF508 with five polymorphic DNA markers was studied. The haplotypes observed on DF508 CF chromosomes were the same as in other populations. Distribution of haplotypes found in the Latvian population, together with frequencies of DF508 mutation, is intermediate between Northern-and South- Mathieson et al., 2017; 3 Mittnik et al., 2017a; Jones et al., 2017; 4 ancestral allele 22018G (rs182549) (Mittnik et al., 2017b) ; 5 ancestral allele 13910C (rs4988235); 6 Zarina's data; 7 Mittnik et al., 2017b. ern-European populations. These results are consistent with the hypothesis of a single origin and subsequent diffusion of this major CF mutation from North-Western Europe. The estimate of the number of generations elapsed since the mutation DF508 was first introduced in Latvians is approximately 101, or 2020 years (Krumina et al., 2001b) .
Gene PAH, allele R408W. Gene PAH (OMIM *612349) encodes enzyme phenylalanine hydroxylase (PAH), which catalyses hydroxylation of phenylalanine to tyrosine. Mutations in the gene cause phenylketonuria (PKU; OMIM #261600), one of the most common inborn errors of metabolism in people of European ancestry, with a frequency of 1/8000 in Latvia (Purina et al., 1995; Proòina and Lugovska, 2011 ; Table 2 ). It is an autosomal recessive disease characterised by a progressive neurodegenerative course. Over 900 mutations causing PKU have been reported in the PAH gene. There are marked differences in the spectrum of PAH mutations between European countries. The most prevalent mutation R408W is found at relative allele frequencies as high as 84% in Europe. In Europe, the R408W mutation is observed on chromosomes of two major haplotype backgrounds: R408W-2.3 and R408W-1.8 (Tighe et al., 2003) . R408W-2.3 exhibits a gradient of allele frequency increasing eastwards, reaching its maximum in the Balto-Slavic region. R408W-1.8 exhibits an east-to-west cline in North-Western Europe, peaking in the most westerly province of Ireland. PKU in Latvia is genetically relatively homogeneous. The most common mutation R408W accounts for 73% of Latvian PKU chromosomes. The same prevalence of this mutation is found in the Lithuanian population and is even higher (84%) in the Estonian population. R408W-2.3 is the main haplotype for mutation R408W not only in Latvians and Lithuanians, but also in Estonian, Polish, and German populations. The frequency of R408-2.3 suggests a Balto-Slavic origin of this R408W mutation or its association with a pre-Indo-European founder population (Tighe et al., 2003; Proòina and Lugovska, 2011) .
Gene SERPINA1, alleles PIZ and PIS. Gene SERPINA1 (OMIM *107400) encodes protein alpha-1-antitrypsin (AAT), a major plasma serine protease inhibitor. Alpha-1-antitrypsin deficiency (OMIM #613490) is one of the most common autosomal recessive inborn errors of metabolism in people of European ancestry, which is caused by muta- Blanco et al., 2006; 5 Carroll et al., 2011 tions in the gene SERPINA1. AAT deficiency often is associated with an early onset of obstructive lung disease and emphysema in adulthood, and liver disease in children. The most frequent AAT deficiency alleles (mutations) are PIZ and PIS. The most common mutation presenting with clinical evidence is the Z mutation (E342K), caused by a single amino acid replacement of glutamic acid at position 342 of the polypeptide, while S mutation is associated with a milder plasma deficiency of AAT protein. Throughout Europe the frequency of Z and S mutations in healthy individuals varies widely between countries.~3-4% of NorthEuropeans carry the Z allele whereas 6% carry S allele. Frequency of the PIZ allele in Latvia detected by isoelectric focusing in 488 individuals was 0.040 , but by more precise DNA analysis in 270 individuals gave an estimate of 0.034 (Maliðeva et al., 2002;  (Radiòð, 2012) . The PIZ variant in Latvia and Sweden shared a unique genotype that was not present in the control population (Lace et al., 2008) . This single genotype confirmed the hypothesis of a recent and single origin of the PIZ mutation. Analysis of non-recombinant single nucleotide polymorphisms (SNPs) was used to estimate that the PIZ mutation age was 2902 years in Latvia and 2362 years in Sweden. The authors speculate that the possible route of this allele was from Sweden (southern Scandinavia) to other countries, including the Baltic countries, where it spread through the waterways into the continent by migration patterns such as the Viking colonisation of NorthWestern Europe between 800 and 1200 AD (Hutchison, 1998) . In any case, the allele PIZ is a good marker for Southern Sweden and Latvian genetic influence. The S mutation is older than the Z mutation and is postulated to have arisen in the north of the Iberian Peninsula and subsequently spread throughout Europe during the mass migration (Seixas et al., 2001) . (Krumina et al., 2001a; Kucinskas et al., 2012 ; Table 3 ). The frequency of C282Y mutation is significantly higher among the inhabitants of Þemaitija at the Baltic Sea area (5.9%) in comparison to the regions of the continental part of Lithuania (Kuèinskas et al., 2012) . The highest frequency is observed in Ireland (11.4%) and in the eastern part of England (8.2%), and a slightly lower frequency in Norway, Sweden, Denmark, and Iceland. The lowest reported frequencies (0-1.75%) of the C282Y mutation were observed in Greece, Romania, and Bulgaria (Merryweather-Clarke et al., 1997; Ivanova et al., 1999; Voicu et al., 2009) . These data support the hypothesis of gene flow from north to south of Europe. Most scientists agree that mutation C282Y appeared~60-70 generations ago (Ajioka et al., 1997) and originated from the population of Southern Scandinavia or Northern Germany (Distante et al., 2004) . It has also been suggested that Viking migrations were largely responsible for the distribution of this mutation. The H63D mutation is more common and equally distributed among European nations. The highest frequency of this mutation has been reported in the Basque population (30.4%) and genetic data suggest that this mutation could have originated in early Western European populations (de Juan et al., 2001) .
Gene CCR5, allele CCR5-D 32. Gene CCR5 (OMIM *601373) encodes cell membrane protein C-C chemokine receptor 5 (CCR5), which is the principal entry co-receptor for macrophage-tropic human immunodeficiency virus type 1 (HIV-1) strains. Mutation CCR5-D32 (CCR5-delta32) is a 32 bp deletion in this gene and results in a frame shift in the coding sequence that produces a non-functional protein, and consequently it is not expressed in the cell membrane. Individuals homozygous for the mutation show high degree of resistance to HIV infection. Heterozygous carriers have reduced susceptibility to infection and reveal a slowed progression towards AIDS. The results of screening of more than 2500 individuals from 18 European populations suggested a unique and relatively recent origin of this allele, which probably arose in North-Eastern European populations (Libert et al., 1998; Klitz et al., 2001) . The age of the D32 allele has been estimated between 700 and 3500 years based on linkage disequilibrium data (Stephens et al., 1998; Slatkin, 2001) , and ancient DNA evidence suggests that the allele is at least 2900 years old (Hummel et al., 2005) . The highest frequencies were registered in Mordvins, Estonians, Finns, Belarusians, Latvians, as well as in North-European Russians, the last populations being supposed to have a strong Finno-Ugric background, maximum in areas surrounding the Baltic and White Seas (the area of highest frequency lies between the Baltic and the White Seas; Table  5 ). High frequency is registered also in central Russia near Novosibirsk (Balanovsky et al., 2005) . If D32 were neutral, population genetics theory, given allele's frequency, predicts that it would have to be much older. An alternative explanation is that D32 mutation occurred recently and afterwards increased rapidly in frequency because of a strong selective advantage (Libert et al., 1998; Stephens et al., 1998) . Bubonic plague was initially proposed as the selective agent, but subsequent analysis suggested that a disease like smallpox is a more plausible candidate (Galvani and Slatkin, 2003; de Silva and Stumpf, 2004; Stumpf and Wilkinson-Herbots, 2004; Galvani and Novembre, 2005) . Analysis performed on CCR5 polymorphisms in Russian, Ukrainian, and Moldavian populations showed a strong positive correlation between allele frequency and latitude, and a set of temperature factors (Limborska et al., 2002) . The authors proposed that the existence of correlations between the cline of D32 frequencies and climatic-geographic parameters provided evidence for a possible effect of either natural environmental factors (geographical gradient in selection intensity) or large-scale population movements on distribution of this allele. Other authors (Balanovsky et al., 2005) proposed a rise and initial spread of the mutation among Uralic-speaking populations, in particular in its Finnic branch, a frequency increase in North-Eastern Europe as a result of selection and/or genetic drift, and secondary spread (with selection continued) due to gene flow and the migrations of North Europeans across the globe. (Byrne and Byrne, 2004; Srivastava et al., 2014) . LW a and LW b antigens are antithetical, resulting from a single nucleotide substitution in the ICAM4 gene (299A>G), which causes an amino acid change in LW glycoprotein (Q100R).
LW blood group polymorphism has been widely tested by antigen detection (Sistonen et al., 1999) . Population genetic studies on the LW blood group by standard serological methods resulted in a conclusion that the LW b antigen was found in Europeans only, presenting the highest frequency in the Baltic-speaking Latvian and Lithuanian populations, leading to the conclusion that this polymorphism can be considered as a "Baltic tribe marker" (Kuèinskas et al., 1998; Sistonen et al., 1999; Kuèinskas, 2001 (Scrimshaw and Murray, 1988; Laland et al., 2010) . In European populations, two dominant alleles in the gene MCM6 that directly affect LCT gene promoter activity and are tightly associated with LP are found: -22018*A (rs182549) in intron 9, and -13910*T (rs4988235) in intron 13 (Enattah et al., 2002) . In Europeans the best studied is the association of LP with the genotypes C/T and T/T in the above-mentioned locus -13910. Frequencies of MCM6 gene allele -13910*T in Latvians and other European populations as well as frequencies of LP are shown in Table 7 . The highest frequencies are observed in North Western and Northern Europe: in Irish, Swedes, Finns, Danes, and English. It is estimated that allele -13910*T derived from the ancestral allele -13910*C during the past 6100-7500 years within Central Europeans, probably in response to selection for the ability to digest milk as adults (Bersaglieri et al., 2004) . Allelic age estimates are consistent with the results of an ancient DNA study, which showed that allele -13910*T was rare or absent among early farmers from Central and Eastern Europe (Burger et al., 2007) . The observed high frequencies of allele -13910*T in Northern Europe can best be explained by strong selection that took place in Neolithic Central Europe and was followed by a migration of people representing this culture to Northern Europe (Vuorisalo et al., 2012) . The immigrants gradually replaced or were assimilated by the local hunter-gatherer populations. The low frequencies of MCM6 gene -13910*T allele and lactase persistence in Latvians and North-Western Russians may be explained by the relatively recent transition from Mesolithic to Neolithic in the Baltic region, which was not driven by admixture with early European farmers (Jones et al., 2017) . The analysis of ancient DNA has shown that the transition from Mesolithic to Neolithic is also the period when first derived MCM6 allele, which is associated with lactase persistence, is found in Latvia. There is increased frequency of the derived alleles in the Bronze Age samples (0.50 in 9 Latvian individuals) (Table 1, Jones et al., 2017; Mittnik et al., 2017a; 2017b (Table 8) . One hundred and twenty four different haplotypes (nucleotide sequence variants within haplogroups) belonging to 11 major hgs were observed. HgH, which is the most frequent hg in European populations, accounted for almost half (43.3%) of mtDNA variants in Latvians. 45% of the classified hg H cases belonged to sub-hgs H1 and H5. Sub-hg H1b, which occurs more frequently in Eastern and Central North Europe, was the most abundant type of sub-hg H1 among Latvians, also being frequent among Estonians. The HVS-I sequence motifs characteristic to this sub-hg can often be observed also in the Lithuanian population (Kasperavièiûte et al., 2004) . In the Latvian gene pool, H1b was significantly more frequent than among Eastern Slavs ). Significant differences of H1a frequencies were observed between Latvians and Finns (the statistical significance of population differences for mtDNA data is taken from Pliss et al., 2006) . Among the Finns, sub-hg H1b was not observed. On the other hand, sub-hg H1f, frequent in the Finnish population, was not found in the Latvian mtDNA pool. Sub-hg H5, the second largest in the Latvian mtDNA pool (15% of H), was found to be significantly more frequent among Latvians than in the gene pool of hg H in Eastern Slavs. A quarter of mtDNA variants belonged to hg U. Five sub-hgs (U2, U3, U4, U5 and U8) were observed among hg U haplotypes. The sub-hgs U4 and U5 were most abundant, covering about 40% of the hg U gene pool. Comparison of mtDNA hg profiles in different European populations (Table 7) showed that the frequency of hg U4 was significantly higher in Eastern than in Western European populations. Interestingly, the frequency of sub-hg U4 in Latvians is among the highest in Europe. In the central part of Latvia (Semigalia), U4 was found in 14.9% of all mtDNA variants. Pliss et al. (2006) noted that the heterogeneity of hg U4 is also relatively high in Semigalia: of thirteen U4 haplotypes found among Latvians eight were discovered in this region. Another example of only few region-specific differences in the Latvian mtDNA pool is provided by sub-hg U2, which has a particularly high frequency in Eastern Latvia; seven of nine Latvian sub-hg U2 mtDNAs were found in Latgalia. The frequency of U2 was significantly higher in Latgalia than in the western parts of Lember et al., 2006; 6 Cook, 2014;  7 Madry et al., 2011; 8 Bergholdt et al., 2015; 9 Kalibatiene et al., 2006 Latvia (Northern and Southern Curonia). The authors suggested that the high frequency of hg U2 in Latgalia could be best explained by a recent founder effect, because all U2 samples found belonged to the same HVS-I haplotype. Similar intra-population homogeneity was also observed among Lithuanians (Kasperavièiûte et al., 2004) . U5a, another frequent haplogroup (8.0% in Latvians), is more typical for Eastern Europeans compared to Central and SouthEastern Europe, whereas haplogroup U5b (3.7% in Latvians) reflects the input from South-Western and Central Europe (Malyarchuk et al., 2010) . The other hg that has a different frequency pattern in Eastern and Western European populations (Table 8 ) is K; statistically significant differences of hg K frequencies were observed between Latvians and Western European populations, with hg K being more common among the latter. Only a single member of Asian-specific hg M (G2a) was found in Latgalia, the eastern part of Latvia. In Northern Europe, the two main hg M lineage groups are D5b and Z1, although they are present in many populations at low frequencies .
Interestingly, these hgs were observed neither in the sample of 351 Latvians, nor among 225 Lithuanians (Kasperavièiûte et al., 2004; Tambets et al., 2004) . One D5b individual has been found among 545 Estonians . This observation is of some interest because the northward Finnic-speaking populations, Finns, Saami, and Karelians, possess East Asian maternal lineages at frequencies that are low, but still higher (2%-5%) (Sajantila et al., 1995; Tambets et al., 2004) than in the populations inhabiting the South-Eastern Baltic coast. Pliss et al. (2006) suggested that East Asian maternal gene flow had, in Eastern Europe, only a negligible impact on populations living in the South-Eastern Baltic Sea region, although it reached populations living close to the sub-Arctic fringe of Europe.
To illustrate the genetic relationships of studied populations, principal component (PC) analysis based on the frequencies of mtDNA hgs from Table 8 was performed (Fig.  6 ). The analysis showed that all compared European populations, except Finns and Mari, fall into one cluster. Latvi- (Richards et al. 1996) . It might be that no significant differences in mtDNA variability between founder populations existed in the period of formation of the Balts; therefore one cannot distinguish different components of founders in the present day populations.
The recent development of high-throughput sequencing of mtDNA genomes has revealed some matrilineal gene pool substructure in Europe which was not detected using only HVS1 sequences and low resolution haplogroup information (Torron et al., 2006) . In order to obtain important additional information on modern Latvian mtDNA pool, future analysis of high resolution data is needed.
It seems important that in recent analysis of twenty-one ancient Mesolithic and Neolithic DNA samples from the Zvejnieki burial site in Northern Latvia, all of them belonged to typically hunter-gatherer haplogroup U: eleven to sub-lineage U5a, two -U5b, seven -U4, one -U2 (Jones et al., 2017 , Mathieson et al., 2017 ; Table 1 ). Haplogroup U is found in most European hunter-gatherer samples (Skoglund et al., 2012; Brandt et al., 2013; Posth et al., 2016) . No mitochondrial haplogroups that are typical for Central European Mesolithic/Neolithic farmers were detected in the territory of today's Latvia. The Bronze Age individuals from Íivutkalns burial display a more diverse set of mitochondrial haplogroups, besides U, including also H (different sublineages), J and T, which first appeared in Europe during the Neolithic (Mittnik et al., 2017a; 2017b ; Table 1 ).
NRY VARIATION
Several studies of Y-chromosomal -patrilineal -variability in the Latvian population have been conducted, based on biallelic markers and short tandem repeats (STRs). Contrary to mtDNA data, analysis of Y-chromosome lineages has revealed deeper differences between the studied NorthEastern European populations. Rosser et al. (2000) on analysis of 11 biallelic NRY polymorphisms in 47 European populations (including Latvians) concluded that Ychromosomal diversity in Europe is clinal and influenced primarily by geography, rather than by language. Based on the analysis of both Y-chromosome haplogroup frequency distribution and microsatellite variation, Zerjal et al. (2001) hypothesised that Y chromosomes of Finno-Ugric-and Baltic-speaking populations have distinct genetic histories. These results were confirmed by Lessig et al. (2001) and Kasperavièiûte et al. (2004) . They noted, however, that it is unclear whether the observed differences suggested different source populations or rather more recent random genetic drift. The analysis of five biallelic Y-chromosomal markers performed by Laitinen et al. (2002) , on the other hand, demonstrated a high genetic similarity between Estonian, Latvian, Lithuanian, and Finno-Ugric-speaking Mari males, leading to the suggestion that Baltic males share common Finno-Ugric-speaking forefathers (Laitinen et al., 2002) . The genotyping of DNA samples subsequently performed by Lappalainen et al. (2008) on a larger group of markers (18 Y-chromosomal biallelic polymorphisms and 9 STRs) confirmed differences in the haplotype structure of Balticspeaking Latvians and Lithuanians and Finno-Ugric populations, allowing to suggest at least two main migration waves to the Baltic Sea region (Lappalainen et al., 2008) . Kushniarevich et al. (2015) in analysis of 40 binary NRY markers found that both extant Baltic-speaking populations, Latvi- ans and Lithuanians, lie in the vicinity of Finno-Ugric speaking Estonians according to their Y-chromosome diversity. It is also worth mentioning that the population genetic analysis on samples from North-Western Russia indicated a discrepancy in the depth of penetration of mtDNA and Ychromosome lineages characteristic for the majority of South-Western Russian populations in the east and north of Eastern Europe . These results led the authors to conclude that Russian colonisation of northeastern European territories might have been accomplished mainly by males rather than by females.
The most detailed analysis of NRY in Latvians was performed by Pliss et al. (2015) , who investigated 159 unrelated ethnic Latvian males from the above-mentioned four different geographic regions, using 28 biallelic markers and 12 STRs (Pliss et al., 2015) . Eleven different haplogroups (hgs) ( n  29  39  33  58  159  164  380  364  565  146  520  472  118  536  111 ence of the majority of hgs typical to Eastern and Northern Europe, and only one sample fell into hg Q (0.6%), which is more characteristic to Asian populations, but is occasionally also found in Europe Balanovsky et al., 2008; Lappalainen et al., 2008) . Statistically significant differences in the distribution of hgs between the sampled Latvian subpopulations were not found. Results of principal component analysis (PCA) performed on the distribution of hgs among 16 populations revealed that the Latvian population formed a tight cluster with the North-European populations, irrespective of linguistic affiliation, that is, with Estonians, Maris, Northern Russians, and Lithuanians, all having a high frequency of N3 (Fig. 7A) . For the analysis of compound haplotypes, nine YSTRs were used, and only six European populations were included due to the absence of a comparable set of Y-STR data in other neighbouring populations. Results of PCA grouped Baltic-speaking Latvians and Lithuanians together and lightly split them from FinnoUgric-speaking Estonians (Fig. 7B) . Such an observation could be explained by different haplotype composition of the most abundant Y-chromosomal lineages, namely, N3 and R1a, in those populations. The majority of haplotypes (24) shared between Latvians and neighbouring populations were found for hg R1a. Only four compound haplotypes were in common within hg N3. Despite the comparable frequency distribution of hg N3 in Latvians and Lithuanians with the Finno-Ugric-speaking populations from the eastern coast of the Baltic Sea, the observed differences in allelic variances of N3 haplotypes between these two groups are in concordance with the previously stated hypothesis (Zerjal et al., 2001; Kasperavièiûte et al., 2004; Lappalainen et al., 2008) of two migration waves that introduced hg N3 founder haplotypes to the eastern coast of the Baltic Sea: "Baltic" -in the south of the Baltic Sea through the Baltic countries to Poland and Germany; and "Fennoscandian" -in the north of the Baltic Sea through Finland to Sweden. It was suggested that N3 chromosomes originated in Asia and were brought to Europe by Finno-Ugric speakers prior to the arrival of Indo-European speakers. Recently performed high-coverage Y chromosome sequencing (a method that allows to identify previously undetected lineages) from 56 Eurasian populations, including two Latvian samples, showed that both Latvian samples belong to haplogroup N3, clade N3a3-VL29 (Karmin et al., 2015; Ilumäe et al., 2016) . This clade is found in over a third of the present-day male Estonians, Latvians, and Lithuanians, and it is present also among Finns, Karelians, Saami. It was suggested that the distribution of this Y chromosome lineage has been shaped by random genetic drift in small populations dispersed across a wide area (Ilumäe et al., 2016) .
Hg R1a is frequent in North-Eastern Europe, with the highest frequencies (30%-50%) in Slavic-speaking populations and moderate among populations of Volga-Ural basin. Recently, Underhill et al. (2015) underwent a detailed phylogeographic study of European-specific R1a sub-clades of R1a-M458 and R1a-M558 lineages. R1a-M458 shows the highest distribution among European frequencies (exceeding 30%) in Central and Eastern Europe (Underhill et al., 2010) . The highest frequency of R1a-M458 was found in Poles, Czechs, Slovaks, and Western Belarusians (20%). Unlike R1a-M458, the R1a-M558 lineage is more common in Eastern Slavs and in Volga-Uralic populations. R1a-M558 is found in various parts of Russia (10%-30%), as well as in Poland and Western Belarus where it transcends 26%, and in Ukraine, where its frequency varies between 10% and 23%, whereas it occurs at significantly lower frequencies in Western Europe . The study of R1a Y-chromosomes in the Latvian sample performed by Pliss et al. (2015) showed that the R1a-M458 lineage was found at a relatively low frequency, as opposed to the R1a-M558 lineage, which accounts for nearly all R1a hg representatives and more than a third of all Latvian paternal lineages. The authors suggested that high prevalence (Pliss et al., 2015) . .
Recent analysis of fourteen Mesolithic and Neolithic ancient male DNA samples from the archaeological site of Zvejnieki in Northern Latvia showed haplogroups R1b (eight samples), I2a (five samples) and Q (one sample) (Table 1; Jones et al., 2017; Mathieson et al., 2017) . R1b, the most common hg found in modern Western Europeans, has been found at low frequencies before the Late Neolithic in Western Europe but at higher frequencies in Russia. It was suggested that this hg spread into Western Europe from the East after 5000 cal YBP (Haak et al., 2015) . Haplogroup I2a has been commonly found among Western huntergatherers (Lazaridis et al., 2014) . The analysis of six Bronze Age individuals from Kivutkalns burial revealed haplogroups R1a (five individuals) and R1b (one individual) (Mittnik et al., 2017a, b) . No cases of haplogroup N, which is a very common Y chromosome haplogroup in modern Latvians (41.5%), Lithuanians, Finns and Estonians (Ilumäe et al., 2016) were detected among Latvian ancient DNA samples. It is proposed that this haplogroup was brought to the Eastern Baltic after the Late Bronze Age (Mittnik et al., 2017a) .
CONCLUSIONS
Population genetic studies of Latvians, which represent one of the two extant Baltic-speaking populations besides Lithuanians, have shown a mixture of genetic traits typical for Western Europe and Eastern Eurasia with only small differences between Latvian subpopulations. 
